Introduction
============

The past two decades have witnessed increased interest in oncolytic viruses (OVs) as cancer therapeutic agents. To date, 20 virus platforms have been studied and new candidates continue to emerge for each platform. The first OV to generate positive results in a Phase III clinical trial is derived from the herpes simplex virus (oHSV) and is known as talimogene laherparepvec (T-VEC).[@b1-ott-9-2627] The US Food and Drug Administration (FDA) approved it for the treatment of advanced metastatic melanoma on October 27, 2015, under the name of Imlygic (Amgen Inc, Thousand Oaks, CA, USA). Other OVs completed early (Phase I or I/II) clinical trials for glioblastoma multiforme (a frequent adult brain tumor with dismal prognosis),[@b2-ott-9-2627] other solid tumors (including breast, colon, pancreas, prostate, head and neck, ovaries, lung, and kidney cancer),[@b3-ott-9-2627] as well as leukemia and lymphoma.[@b4-ott-9-2627] Importantly, all the OVs studied so far have a near-complete absence of serious adverse events. Unfortunately, however, although the results differed for the various virus platforms, efficacy was limited and often did not exceed that seen for gold standard drug therapy.[@b5-ott-9-2627] This limitation was clearly recognized by the FDA in its recent T-VEC approval.

An important aspect that is often ignored in the effort to overcome this limitation is the recognition that clinical efficacy is a delicate balance among the following: 1) effective OV replication and virus clearance by the induced antiviral immunity; 2) antitumor immunity and factors promoting tumor growth; and 3) immune stimulation and immunosuppressive characteristics of the tumor microenvironment. As altering any one of these parameters may counteract the positive effect of the other parameters, a better understanding of these mechanisms is of utmost importance. Armed with such knowledge, the development of OVs that have multimodal cooperative and coamplifying antitumor activities becomes a feasible future approach. Herein, the current findings in this field and their implications are briefly reviewed. Topics dealt with include cancer stem cell (CSC) lysis and autophagy, modulation of innate and adaptive immunity, immunogenic cell death (ICD), OV transgene arming for improved clinical efficacy, inhibition of the immunosuppressive tumor microenvironment, OV delivery, and combinatorial therapy.

CSCs as targets of OV therapy: autophagy and immunity connection
================================================================

A cancer cell subset known as CSCs is highly tumorigenic and has stem cell-like properties, including phenotypic/molecular markers, growth in spheroid culture, and the ability to differentiate into cancer cells. They differ from normal stem cells in that their self-regeneration capacity is deregulated.[@b6-ott-9-2627] CSCs contribute to drug resistance, metastasis, and tumor recurrence, but the exact mechanism(s) and potential relationship to immune modulation are still poorly understood. Recent findings indicate that glioma cells exposed to the chemotherapeutic agent temozolomide interconvert between nonglioma and glioma stem cells, thereby replenishing the original tumor population and leading to a more infiltrative phenotype, as well as enhanced chemoresistance.[@b7-ott-9-2627] Conventional chemotherapy and radiation may also induce stemness in non-CSCs,[@b8-ott-9-2627] and a multilayered relationship between CSCs and tumor-associated macrophages may be a key component of the immunosuppressive tumor microenvironment.[@b9-ott-9-2627]

OVs trigger cancer cell lysis through their preferential replication in tumor as opposed to normal cells and they induce programmed cell death pathways, such as apoptosis, necroptosis, and autophagic cell death, which also contribute to tumor eradication. At least some of these death pathways also have an immunogenic component ([Table 1](#t1-ott-9-2627){ref-type="table"}). OVs developed from various virus platforms have been also shown to lyse cells with CSC properties,[@b10-ott-9-2627]--[@b13-ott-9-2627] but the exact contribution of CSC lysis to OV-induced antitumor immunity and its mechanism are still poorly understood. Autophagy plays a crucial role in CSC survival, tumor growth, and drug resistance.[@b14-ott-9-2627]--[@b16-ott-9-2627] It is a major factor in colorectal and breast cancer CSC maintenance and tumor development in athymic mice,[@b17-ott-9-2627],[@b18-ott-9-2627] potentially involving interleukin (IL)-6,[@b16-ott-9-2627] and promotes the dynamic equilibrium between CSCs and non-CSCs in pancreatic cancer.[@b19-ott-9-2627] Similarly, a CSC subset in urinary bladder cancer has been shown to have autophagy-related increased expression of stemness genes and spheroid growth capacity that appeared to contribute to drug resistance,[@b20-ott-9-2627] suggesting that OV-induced autophagy (potentially through immune modulation) could be clinically detrimental. By contrast, the ability of autophagy to improve antigen cross-presentation of tumor-associated antigens (TAAs) released from OV-lysed tumor cells[@b21-ott-9-2627] could be used to enhance OV clinical efficacy.[@b22-ott-9-2627],[@b23-ott-9-2627] Significantly, autophagy also plays an important role in maintaining a dynamic equilibrium between CSCs and normal stem cells.[@b19-ott-9-2627] It contributes to the maintenance and function of normal hematopoietic stem cell and affects T-cell polarization, targeting various T-cell subsets, including regulatory T-cells (Tregs), and immune networks at specific anatomical sites.[@b24-ott-9-2627] Indeed, the autophagy response varies according to the cell type, stress, and stimulus and is affected by the tumor microenvironment. While the effect of these factors on CSC modulation is still poorly understood, these currently available data underscore the importance of the CSC in OV-mediated therapy.

Innate immunity contributes to OV therapy
=========================================

Viral proteins and nucleic acids are distinguished from cellular counterparts by pattern recognition receptors, such as toll-like receptors (TLRs), located in the cytoplasm or on the cell surface. Their engagement induces expression of inflammatory cytokines (viz, interferon \[IFN\]-α, -β, -γ, tumor necrosis factor \[TNF\]-α, IL-6, and IL-12), which bind to receptors on other cells, resulting in the production of antiviral genes and immune cell recruitment. Innate immunity is present in all individuals at all times, but is not antigen specific, does not lead to lasting immune memory, and does not increase with repeated exposure to the antigen.

Macrophages, neutrophils, natural killer (NK) cells, and dendritic cells (DCs) are key participants in innate immunity. They can recognize the presence of a stromally remodeled growing tumor, leading to the induction of inflammatory signals and the recruitment of lymphoid cells to the tumor site. A parvovirus OV was shown to activate DCs, partially through TLR3 and TLR9,[@b25-ott-9-2627] and a reovirus OV escaped the DC endosomes and triggered non-TLR3 receptors to induce IFN-γ production, priming for adaptive antitumor immunity.[@b26-ott-9-2627] In a non-small-cell lung carcinoma, intratumoral injection of a coxsackievirus B3 OV caused a major increase in the numbers of NK cells, and the OV therapeutic efficacy was significantly reduced by NK cell depletion.[@b27-ott-9-2627] Intratumorally delivered lipopolysaccharide, a TLR4 agonist, activated innate immune pathways and enhanced the local efficacy of a vesicular stomatitis virus OV (oVSV) genetically modified to express the artificial TAA ovalbumin (OVA), apparently through co-recruitment of antitumor adaptive T-cell responses.[@b28-ott-9-2627] However, this can also sensitize the host to a cytokine shock-like response, particularly if the OV is systemically delivered.[@b28-ott-9-2627] A concern is that the existing innate immunity could destroy the OV or limit its spread before it has had the chance to replicate and induce cytotoxicity of a magnitude sufficient to release damage-associated molecular patterns (DAMPs)/TAAs that set up an effective adaptive immunity-based vaccination response.[@b29-ott-9-2627],[@b30-ott-9-2627] Indeed, chronic activation of innate immunity correlates with poor prognosis, at least in patients treated with an adenovirus OV (oAdV),[@b31-ott-9-2627] and additional studies are needed to better understand the role of innate immunity in OV therapy.

Priming for adaptive immunity plays a critical role in OV therapy
=================================================================

Induction of an adaptive immune response begins when DCs ingest an antigen and then migrate to the peripheral lymphoid tissues, wherein they mature into antigen-presenting cells that express both the antigen and the costimulatory molecules necessary to activate naïve T-lymphocytes. The antigen-activated lymphocytes give rise to clones of antigen-specific effector cells that mediate adaptive immunity. Unlike innate immunity, the adaptive immune response generates immune memory, meaning that any subsequent exposure to the antigen will induce an immediate, stronger response.

Priming for adaptive immunity plays a critical role in OV antitumor activity, as evidenced by the complete abolishment of the therapeutic effect of a Newcastle disease virus OV (oNDV) in glioma, through depletion of CD8^+^ T-cells and the ability of the long-term-surviving mice to resist secondary exposure to glioma, but not other tumor types.[@b32-ott-9-2627] Interaction with innate immunity is suggested by the finding that the parvovirus OV H-1PV increased DC expression of TLR3 and TLR9 in a syngeneic mouse model, resulting in TNF-α production and the apparent stimulation of adaptive immunity to viral antigens. The antiviral memory response is of particular concern because it prevents retreatment, which is an integral component of therapy.[@b33-ott-9-2627] However, OV-induced immune memory to host antigens is a dominant function in OV therapy. This is exemplified by the finding that immunocompetent mice treated with a parvovirus OV did not develop GL261 glioma (associated with DC activation and increased release of TNF-α and IL-6) and the long-term survivors failed to develop tumors when rechallenged with uninfected GL261 cells. However, tumors developed in a similarly treated and rechallenged immunodeficient animal model.[@b34-ott-9-2627] Demonstrating the role of host antigens in the therapeutic efficacy of the OVs, mice bearing OVA-modified B16 melanomas were successfully treated with an OVA-VSV and they developed potent anti-OVA immunity.[@b35-ott-9-2627] Moreover, a prime-boost experiment, in which injection of an OVA-modified Semliki Forest virus was followed by injection with an OVA-modified vaccinia virus (oVV) showed that shifting the dominance of the OV-induced immune response away from the virus antigens and toward the host antigens, can increase antitumor activity.[@b36-ott-9-2627] Similarly, injection of mice bearing metastatic B16 melanoma with human dopachrome tautomerase (hDCT)-modified VSV elicited a strong T-cell response toward viral antigens, but a prime-boost regimen (prime with AdV-hDCT; boost with VSV-hDCT) completely polarized the adaptive immune response toward the hDCT tumor antigen and cured a large percentage of the mice.[@b37-ott-9-2627]

Unfortunately, virus-specific adaptive immunity, result ing from a previous natural infection or earlier OV treatment, could limit tumor cell lysis, thereby interfering with the release of DAMPs-and-TAAs and the generation of antitumor immunity. Restraining antiviral immunity and minimizing pathology while promoting antitumor immunity is a complex and poorly understood balancing act that will ultimately dictate the outcome of OV therapy. An additional concern is the possibility that some OVs may also infect immune cells, thereby rendering them nonfunctional. In tumors with high immunologic activity at baseline, targeting immunosuppression is a major goal, which may differ for various virus platforms. For instance, adaptive antiviral immunity was shown to contribute to the clinical efficacy of oHSV, but it reduced the antitumor responses generated by oVSV.[@b38-ott-9-2627] OVs that can skew the immune profile of the tumor microenvironment from immunosuppressive to inflammatory may be particularly effective, as shown for oHSVs armed with IL-12/angiostatin, which limit CSC-mediated neovascularization and recruitment of tumor-supportive tumor-associated macrophages.[@b13-ott-9-2627]

OVs as antitumor vaccines: the ICD connection
=============================================

OVs induce tumor cell death through a variety of mechanisms, virtually all of which can be actively immunostimulatory ([Table 1](#t1-ott-9-2627){ref-type="table"}). This appears to involve release of DAMPs and TAAs from the lysed tumor cells and their cross-presentation into the immune system, leading to the activation of antitumor immunity ([Figure 1](#f1-ott-9-2627){ref-type="fig"}).[@b39-ott-9-2627],[@b40-ott-9-2627] Major DAMPs include high-mobility group box protein-1 (HMGB1) (which has proinflammatory properties), heat shock proteins (viz, Hsp70), and uric acid (which is also increased by stress-induced nucleic acid degradation). OVs developed from various virus platforms have this antigen cross-presentation-related ability to induce antitumor immunity,[@b27-ott-9-2627],[@b41-ott-9-2627]--[@b44-ott-9-2627] a cell death process known as ICD. As summarized in [Table 2](#t2-ott-9-2627){ref-type="table"} for the major virus platforms, ICD-related immunostimulatory determinants include DC activation and increased levels of inflammatory cytokines, as well as NK and CD8^+^ T-cell responses. ICD holds the promise that OVs might function as cancer vaccines.[@b30-ott-9-2627],[@b45-ott-9-2627],[@b46-ott-9-2627] Indeed, intratumoral injection of a vaccinia virus OV (oVV) in an immunocompetent mouse model imparted the capacity to reject rechallenge with the same (but not other) tumor cells,[@b47-ott-9-2627] suggesting that the OV-induced adaptive immunity cross-protected against TAAs (refer section titled "Priming for adaptive immunity plays a critical role in OV therapy").

The degree to which the ICD component contributes to the clinical efficacy of OV therapy is still unclear, but it is reasonable to assume that it depends on the levels of OV-induced tumor cell lysis and differs in distinct tumor types. The site and extent of disease, as well as the specific virus platform, are also likely to affect the relative degree of ICD contribution.[@b48-ott-9-2627] Furthermore, DAMPs and TAAs are not always immunostimulatory. The major DAMP, HMGB1, promote the development of myeloid suppressor cells (MDSCs) and contributes to their ability to suppress T-cell activation.[@b49-ott-9-2627] For instance, in oAdV-treated cancer patients, antitumor immunity was associated with improved clinical outcome when the HMGB1 pretreatment levels were low.[@b50-ott-9-2627] Moreover, DNA damage caused by a defective repair machinery may increase the expression of stress ligands targeted by NK or cytotoxic T-cells, contributing to the effectiveness of OV therapy, independent of ICD. We have recently shown that melanoma tumors treated with the HSV-2 OV known as ΔPK express MHC class I chain related gene A (MICA), the ligand for the NKG2D receptor on NK and cytotoxic T-cells, thereby presumably contributing to cytotoxic tumor cell lysis. MICA induction resulted from virus replication and JNK/c-Jun-dependent inhibition of secretion of the immunosuppressive cytokine IL-10 by melanoma cells.[@b51-ott-9-2627] Further studies are needed to better understand the relative contribution of different death pathways, including ICD, to the OV clinical efficacy.

Transgene arming enhances the OV antitumor activity
===================================================

An extensive panel of transgenes has been used to modify the OV backbone to enhance their therapeutic activity in preclinical studies. This includes inflammatory cytokines, antiangiogenic and antivascular proteins, monoclonal antibodies, proapoptotic genes, and enzymes that degrade extracellular matrix. Clinical data are available for oHSV, oAdV, and oVV, all of them armed with human granulocyte-macrophage colony-stimulating factor (GM-CSF), an inflammatory cytokine that bolsters antitumor immune responses by recruiting NK cells and inducing TAA-specific cytotoxic T-cells.[@b45-ott-9-2627],[@b52-ott-9-2627] The oHSV T-VEC, which was recently approved by the FDA for the treatment of metastatic melanoma, was developed from HSV-1 through deletion of the genes ICP34.5 and ICP47 that are, respectively, involved in virus replication and immune evasion. In Phase I trials, intratumorally delivered T-VEC was generally well tolerated and GM-CSF expression and HSV antigen-associated tumor necrosis were observed. In a Phase II trial, patients' unresectable metastatic melanomas were treated with multiple intratumoral injections of T-VEC and monitored for survival and safety. The overall response rate (ORR) based on the Response Evaluation Criteria In Solid Tumors (RECIST) was 26%, with complete response in eight out of 50 patients.[@b53-ott-9-2627] Local and systemic antigen-specific T-cells and decreased immunosuppressive functions, including Tregs and MDSCs, were seen in patients with a therapeutic response.[@b54-ott-9-2627] A pivotal recently completed Phase III study of patients with unresectable stage IIIB-IV melanoma compared intratumoral T-VEC injection to subcutaneous GM-CSF administration.[@b1-ott-9-2627] There were 295 patients in the T-VEC group and 141 in the GM-CSF arm. The overall durable response rate was 16.3% for T-VEC but only 2.1% for GM-CSF alone. The objective ORR was 26.4% for T-VEC and included 10.8% with a complete response, compared with an ORR of 5.7% and a complete response of 0.7% in the GM-CSF group.[@b1-ott-9-2627]

Pexa-Vec (also known as JX-594) is an oVV constructed through the deletion of the genes encoding thymidine kinase and vaccinia growth factor. It has undergone multiple Phase I/II clinical trials and clinical responses were seen in liver cancer patients, with median survival of 14.1 and 6.7 months for high and low doses, respectively.[@b55-ott-9-2627] Pexa-Vec induced antibody-mediated complement-dependent cancer cell lysis, which was apparently related to its ability to upregulate the expression of multiple TAAs that were identified by a serological expression cloning assay.[@b56-ott-9-2627] A Phase III trial for advanced stage liver cancer was scheduled to begin in late 2015 (<http://www.pexavectrials.com>). One of the GM-CSF-armed oAdVs that has entered clinical trials, Ad5-D24-GMCSF, induced antitumor immunity in cancer patients, with complete response seen in two and stable disease in five of 16 evaluable patients;[@b57-ott-9-2627] similar results were also obtained for another oAdV.[@b58-ott-9-2627]

These studies underscore the effectiveness of the OV-based intervention but fail to contribute to our understanding of the importance of arming the OVs with GM-CSF. OVs armed with other cytokines (viz, IL-2, IL-12, IL-15, IL-18, and IFN-α/β), chemokines (viz, CCL5), or costimulatory molecules (viz, B7.1 and CD40L) can also induce antitumor immunity.[@b59-ott-9-2627] For instance, an oHSV armed with IL-12, a potent antitumor cytokine with antiangiogenic activities, reduced neovasculature and Tregs, as well as induced T-cell-mediated immunity in an immunocompetent CSC model.[@b60-ott-9-2627] The chemokine CXCL12 and its receptor CXCR4 are involved in the progression of ovarian cancer through enhancement of tumor angiogenesis and immunosuppressive networks that also regulate CSC development; an oVV armed with a CXCR4 antagonist reduced tumor vasculature and accumulation of suppressor cells, in addition to induction of antitumor humoral responses.[@b61-ott-9-2627] A challenge is that the immunoregulatory factors used to arm the OVs may also contribute to immune tolerance, and the most effective arming approach, particularly as it relates to the OV platform, is unknown. GM-CSF, for instance, has both proinflammatory and tolerogenic functions, depending on the dose and the presence of other cytokines,[@b62-ott-9-2627] and CD40L is effective when incorporated into an oAdV but not into an oVSV.[@b63-ott-9-2627] Moreover, the cytokine-enhanced immunity may inhibit virus replication and, thereby, tumor cell lysis. Strategies to mitigate these concerns include either arming the OVs with chemokines (rather than cytokines), because they influence the overall immune response without having direct antiviral effects, or using weak late promoters to initiate low levels of transgene expression after virus replication has begun. Incorporating exogenous regulators of transgene expression or mRNA/protein stability is another possible approach that induces OV clearance only after an initial period of unhindered oncolytic activity. Once an immune response that limits oncolytic activity is initiated, a second immunotherapeutic phase of viral activity could be enhanced through the use of combinatorial therapy (as discussed in the section "Combinatorial therapy using OVs and pharmacologic or immunotherapeutic regimens"). However, OVs that naturally induce the secretion of multiple inflammatory cytokines (without genetic modification) ([Table 3](#t3-ott-9-2627){ref-type="table"}) are desirable, particularly if they simultaneously inhibit tumor-promoting immunosuppressive functions, as we have recently shown for the HSV-2 OV, ΔPK.[@b51-ott-9-2627] Additional studies are needed in order to better understand these contributions, particularly within the context of different tumor types.

The tumor immunosuppressive microenvironment interferes with OV clinical efficacy
=================================================================================

Tumors are composed of cancer and stromal cells and contain infiltrating Tregs and MDSCs, which maintain an immunosuppressive environment and promote tumor growth.[@b64-ott-9-2627] In addition, the tumor cells themselves can secrete immunosuppressive cytokines, such as IL-10, which are involved in the recruitment and activation of MDSCs and the establishment of the premetastatic niche.[@b65-ott-9-2627] IL-10 also decreases the expression of MICA, the ligand for the activating receptor natural killer group 2 member D (NKG2D) that is expressed on NK, γδ T-, cytotoxic T-, and NKT cells, thereby reducing cytotoxicity and facilitating tumor cell escape from immune surveillance.[@b66-ott-9-2627] In hypoxia, which is caused by rapid tumor progression, hypoxia inducible factor 1 alpha (Hif-1α) promotes differentiation of Tregs,[@b67-ott-9-2627] and its expression in tumor-infiltrating myeloid DCs upregulates the immune checkpoint regulator programmed death-ligand 1 (PD-L1), further contributing to the immunosuppressive nature of the tumor microenvironment.[@b68-ott-9-2627] Inhibition of this immunosuppressive condition is a major consideration in OV therapy. However, the relevant mechanism that must be targeted is likely to vary in distinct tumor types and could change throughout disease progression. Therefore, targeting only one of the immunosuppressive mechanisms that define the tumor microenvironment is unlikely to be therapeutically effective, unless it can be identified as being dominant in the specific cancer being treated.[@b69-ott-9-2627] This problem is exemplified by the finding that an IL-12-armed oHSV increased survival in a murine glioblastoma stem cell model through reduction of Tregs, but the reduction of Tregs had a negative effect on oVSV treatment, apparently due to the rapid OV clearance that results when the suppression of antiviral immunity was relieved. Depletion of Tregs was also shown to abrogate effective antitumoral T-cell induction by an OV-assisted DC vaccine,[@b22-ott-9-2627] raising new questions about the consequences of Treg depletion on OV-induced antitumoral responses. Because immunosuppressive cytokines that are directly secreted by the tumor cells favor innate immune cells' differentiation into immunosuppressive cells, various combinatorial therapy strategies have been attempted to improve the OV efficacy. However, these carry their own potential risks (refer section on "Combinatorial therapy using OVs and pharmacologic or immunotherapeutic regimens"), and the development of OV platforms that directly inhibit such secretion[@b51-ott-9-2627] is highly desirable ([Table 3](#t3-ott-9-2627){ref-type="table"}).

OV delivery affects clinical efficacy
=====================================

In addition to the virus platform used in OV development and the specific tumor that is being treated, the route of OV administration is an important determinant of the initial host response. Intravenous administration is particularly desirable for treatment of metastatic disease. Unfortunately, the OV is rapidly recognized and eliminated by the circulating antibody and complement molecules, and nonspecific organ/vasculature accumulation and scavenging immune cells curtail tumor targeting and distribution.[@b30-ott-9-2627] Immune-mediated OV destruction is probably less effective on intratumoral OV injection, but specific uptake, nontarget binding, and the immunosuppressive tumor microenvironment can still limit OV replication and antitumor activity (refer "The tumor immunosuppressive microenvironment interferes with OV clinical efficacy" section).[@b70-ott-9-2627]

Tumor-tropic cell carriers that can also cross the blood--brain barrier have recently been considered a potential method to direct the OVs to the tumor site.[@b71-ott-9-2627] For instance, neural stem cells loaded with oAdV can target gliomas and reduce tumor growth, but concerns include virus toxicity for the carrier cells, stem cells' tumorigenic potential, and immune rejection of heterologous stem cells.[@b72-ott-9-2627] Various immune cell types were also evaluated for their ability to deliver OVs upon systemic injection. For example, therapeutic efficacy was greatly increased in a mouse model of breast cancer by utilizing ex vivo expanded NKT cells (known as CIK) to deliver an oVV,[@b73-ott-9-2627] and DCs were shown to be effective cell carriers for oncolytic reovirus[@b74-ott-9-2627] and measles virus.[@b75-ott-9-2627] A reovirus OV that was ineffective in a host previously exposed to reovirus enhanced the survival of melanoma-bearing mice and induced robust antitumor and antiviral immunity when delivered in DC carriers.[@b76-ott-9-2627] However, not all interactions between OVs and DCs are synergistic, and an oVSV was shown to interfere with DC functions and abrogate TAA presentation.[@b77-ott-9-2627]

Recent efforts have also used mesenchymal stem cells (MSCs) to selectively deliver OVs to the tumor while shielding them from neutralizing antibodies and protecting them from sequestration. MSCs were used to deliver a measles virus OV to hepatocellular carcinoma by tail vein injection of seropositive animals, and MSCs expanded under hypoxic conditions were shown to be good carriers for the delivery of conditionally replicative adenoviruses to tumor cells in the presence of virus-neutralizing antibody. The systemically delivered cell carriers tended to become arrested in the lungs immediately upon infusion, but the arrest was transient, thereby failing to significantly diminish efficacy.[@b78-ott-9-2627] Moreover, MSC viability declined over time in both immunocompetent and immunodeficient tumor-bearing mice, relieving concerns about potential differentiation to suppressor function, independent of the immune status of the host.

A concern, however, is the MSC source, as the significant variation in the secretome and immunomodulatory potency of MSCs from different donors is likely to lead to highly variable outcomes. The duration of MSC persistence required for a sustainable OV therapeutic effect is also potentially problematic. MSC expression of immunogenic and immunosuppressive factors must be determined at baseline and after stimulation with molecules that mimic the physiological conditions to which the MSC will be exposed in the patient. Biomarkers that predict whether or not a patient is likely to respond to the use of MSC as a therapy in its own right, including sensors that image the MSC secretome, should be explored before and after infection with the OV. Adipose-derived stem cells (ADSCs) have also been investigated as potential OV carriers. ADSCs are permissive for myxoma virus replication, and in vitro coculture of human glioblastoma cells with myxoma virus-infected ADSCs showed cross-infection and concomitant cell death exclusively in the tumor cells. In a xenograft model of glioblastoma, intracranial injection with myxoma virus-infected ADSCs led to successful delivery of the OV to the tumor and a significant increase in survival.[@b46-ott-9-2627]

Combinatorial therapy using OVs and pharmacologic or immunotherapeutic regimens
===============================================================================

Circumvention of intracellular and microenvironmental antiviral responses using combinatorial therapy regimens may improve clinical efficacy. While much additional information is needed, a number of such approaches were examined. Briefly, one such approach used histone deacetylase inhibitors (HDACi) to inhibit innate antiviral immune responses (viz, IFN type I) to increase the OV spread and antitumor effects.[@b79-ott-9-2627] When administered before an oHSV, the HDACi valproic acid (VPA) inhibited the innate antiviral NK response and improved the OV clinical efficacy in an orthotopic glioblastoma mouse model.[@b80-ott-9-2627] Another study[@b81-ott-9-2627] concluded that HDACi and DNA methylation inhibitors enhance OV therapeutic potential by increasing tumor cell immunogenicity through upregulation of TAAs and antigen presentation.

In another approach, the OVs were used together with chemotherapeutic agents. Cyclophosphamide (CPM), paclitaxel, and temozolomide successfully reduced Treg activity when delivered as metronomic (viz, low and repetitive) doses that minimize toxicity and avoid global immunosuppression resulting from administering a single, high dose. At a low dose, CPM had no effect on antiviral immunity but it caused depletion of Tregs, improving the clinical efficacy of an oAdV in glioblastoma.[@b82-ott-9-2627] CPM also showed dose-dependent decrease in brain influx and/or function of NK cells, macrophages, and DCs in a U251 glioma xenotransplant model.[@b83-ott-9-2627] CPM preconditioning to deplete Tregs also enhanced the therapeutic benefits of reovirus and VSV OVs[@b84-ott-9-2627] and early clinical evaluation of metronomic CPM-and-oAdV combination demonstrated improved antitumor efficacy, resulting from increased cytotoxic T-cells and induced T-helper cell type 1 (Th1)-type immunity.[@b82-ott-9-2627] Metronomic CPM was also shown to deplete Tregs and restore T- and NK-cell effector function in advanced cancer patients.[@b85-ott-9-2627] However, Tregs may actually be needed for optimal virotherapy results, due to their ability to prevent early OV clearance and/or interfere with MDSC induction in vigorously inflamed tumors, as shown by CPM-promoted antiviral immunity.[@b45-ott-9-2627] Conversely, high-dose CPM may not only enhance virus-mediated cell lysis through widespread immunosuppression of the innate and adaptive antiviral immune responses but also completely abrogate the antitumor immune response.

In preclinical studies,[@b86-ott-9-2627] the combination of oHSV with various MDSC-depleting drugs (viz, gemcitabine, sunitinib, 5-fluorouracil (FU), docetaxel, or retinoic acid) improved survival, being associated with increased antitumoral immunity in the case of gemcitabine. However, successful combinatorial therapy is context dependent, and additional studies are needed to define the optimal therapeutic conditions. For instance, metronomic gemcitabine or 5-FU, together with oAdV, increased virus uptake, and sunitinib enhanced intratumoral replication of an oVSV. In contrast, however, concurrent therapy with 5-FU and HSV-1 inhibited virus replication.[@b87-ott-9-2627] OV combination with a potent agonist antibody specific for the costimulatory molecule 4-1BB showed improved therapeutic outcomes,[@b88-ott-9-2627] and promising results were obtained when the OVs were combined with an immunomodulatory monoclonal antibody that blocks T-cell checkpoint blockade receptors, such as cytotoxic T-lymphocyte-associated protein 4 (CTLA-4) or PD-L1. Combining a tumor-targeted DC vaccine with ongoing OV-induced tumor inflammation was shown to stimulate potent antitumoral CD8^+^ T-cell responses and marked tumor regression in a model of lung cancer metastasis.[@b89-ott-9-2627] Remaining challenges stem from discernable conflicts between virus- and drug-enabled therapeutic strategies. For instance, viruses require actively dividing cells to maximize their replicative efficiency, while many anticancer agents are cytotoxic or cytostatic with death-inducing or antiproliferative effects, respectively. Modulation of the host immune response through chemotherapy may conflict with the OV therapeutic function, and further research is needed to better understand the response of various tumors. As stated earlier, the development of OVs with multimodal activities that include the appropriate drug-mediated modulation ([Table 3](#t3-ott-9-2627){ref-type="table"}) is particularly desirable.

Concluding remarks
==================

OV therapy holds the promise that it may function as a cancer vaccine strategy. This is based on available data that indicate that DAMPs and TAAs released from the tumor cells lysed by the replicating OVs induce tumor-rejecting anticancer immunity. The FDA approval of the OV T-VEC (Imlygic, Amgen) for the local treatment of unresectable metastatic melanoma is the first clinical and regulatory validation of an OV as a therapeutic. Approval was based on therapeutic benefit, but Imlygic was not shown to improve overall survival or have an effect on visceral metastases, and the extent to which the immunotherapeutic component actually contributes to therapy is unclear. Indeed, the immune system is a double-edged sword in the context of virotherapy. Specifically, while the antiviral immune response must be minimized for successful virus growth and retreatment, the anti-TAA response must be stimulated. The latter requires both the modulation of innate and adaptive immunity modes and the alteration of the immunosuppressive tumor microenvironment. A range of OV modifications and immune interactions may be beneficial or detrimental and they depend on the specific tumor, OV platform, dose, time and delivery conditions, as well as individual patient responses. Immunostimulatory cytokines carry the risk of being tolerogenic depending on their levels and the presence of other cytokines, their direct antiviral effects, as well as the timing and conditions of their expression. DAMPs may actually suppress T-cell activation, as shown for HMGB1, and Tregs may be needed for optimal therapeutic results due to prevention of early OV clearance or the compensatory induction of MDSCs. Naturally occurring tumor-lysing antibodies[@b91-ott-9-2627] are potentially promising innate immunity stimulators that may also contribute to the OV anti-tumor potential. The contribution of autophagy in adaptive immunity, the ability of the OVs to kill CSCs, and the patient's baseline immune status and prior antiviral immunity are additional considerations that may affect efficacy. Further investigation should focus on how to better restrain antiviral immune responses and minimize pathology while promoting antitumor immunity.
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![Schematic representation of OV-induced antitumor immunity.\
**Notes:** OVs are designed to preferentially replicate within tumor cells (T) in the tissue, sparing normal cells (N). This results in tumor cell lysis, release of DAMPs and TAAs, and the activation of immunostimulatory functions that contribute to the development of antitumor immunity. These cellular antigens are recognized by APCs, notably DCs, which are activated in response to the viral antigens (antiviral immunity) and function in antigen cross-presentation. The ensuing immune response includes the activation of T- and NK cells, generation of CTLs, alteration of the Th1/Th2 balance (which inhibits the immunosuppressive tumor microenvironment), and often depletion of Tregs. The resulting stimulatory immune response (ICD) inhibits immunosuppressive conditions and contributes to the eradication of the tumor cells. However, distinct OV platforms differ in their replicative and PCD induction potentials, and they have different abilities to activate these immunostimulatory activities; the modulatory pathways are distinct, particularly in different tumor cells. Accordingly, the development of OVs that function at all these levels is particularly desirable.\
**Abbreviations:** APC, antigen-presenting cell; CTL, cytotoxic T-cell; DAMP, damage-associated molecular pattern; DC, dendritic cell; ICD, immunogenic cell death; NK, natural killer cells; OV, oncolytic virus; PCD, programmed cell death; TAA, tumor-associated antigen; Th1/2, T-helper cell type 1 or 2; Treg, regulatory T-cell; NKT, natural killer T cells.](ott-9-2627Fig1){#f1-ott-9-2627}

###### 

Mechanisms of OV-induced cell death and immunogenicity

  Type of cell death      Immunogenicity
  ----------------------- ---------------------------------------------------
  Necrosis                Releases DAMPs and TAAs; induces ICD
  Apoptosis               Generally nonimmunogenic
  Pyroptosis              Caspase-1-dependent cytokine release; induces ICD
  Autophagic cell death   Releases DAMPs; immunogenic

**Notes:** OVs induce multiple tumor cell death pathways, most of which are also immunogenic. DAMPs and TAAs released from OV-infected cells induce immunogenic cell death.

**Abbreviations:** DAMP, damage-associated molecular pattern; ICD, immunogenic cell death; o, oncolytic; OV, oncolytic virus; TAA, tumor-associated antigen.

###### 

OVs induce ICD-like features

  ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  OV virus platform                   Tumor type                    ICD-like determinants                                                                          References
  ----------------------------------- ----------------------------- ---------------------------------------------------------------------------------------------- -------------------------------------------------------
  Parvovirus                          Melanoma, glioma              DC activation, HSP release                                                                     [@b25-ott-9-2627],[@b34-ott-9-2627]

  Herpes simplex virus\               Osteosarcoma, breast cancer   HSP and HMGB1 release, increase in APCs and CD8^+^ T-cells                                     [@b50-ott-9-2627],[@b54-ott-9-2627],[@b90-ott-9-2627]
  HSV-1 (oHSV)                                                                                                                                                     

  HSV-2 (ΔPK)                         Melanoma                      HSP release, inflammatory cytokine secretion, altered Th1/Th2 balance, and MICA increase       [@b19-ott-9-2627],[@b51-ott-9-2627]

  Measles virus                       Melanoma                      Inflammatory cytokine secretion, HMGB1 release, DC activation, and CD8^+^ T-cell responses     [@b27-ott-9-2627],[@b32-ott-9-2627],[@b44-ott-9-2627]

  Coxsackievirus                      Non-small-cell lung cancer    Inflammatory cytokine secretion, HMGB1 release, DC activation, and CD8^+^ T-cell responses     27,32,44

  Adenovirus (oAdV)                   Adenocarcinoma                ATP and HMGB1 release, ecto-CRT expression                                                     43

  Newcastle disease virus (oNDV)      Melanoma                      HSP release, NK cell increase, increase in MHCI expression on tumor cells, and DC activation   26

  Reovirus                            Melanoma, lung cancer         DC activation and antitumor immunity                                                           26

  Vesicular stomatitis virus (oVSV)   Melanoma                      Antitumor cytokine secretion                                                                   37,38
  ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

**Notes:** ICD-like determinants include release of HSPs, DAMPs (HMGB1), and ATP; production of inflammatory and antitumor cytokines; activation of APCs, notably DCs, and NK cells, as well as CD8^+^ T-cell responses; and increased expression of MHCI-related molecules that stimulate cell-mediated cytotoxicity (viz, MICA). ΔPK, HSV-2 OV generated by the deletion of the protein kinase domain of the viral large subunit of ribonucleotide reductase.

**Abbreviations:** APC, antigen-presenting cell; ATP, adenosine triphosphate; CRT, calreticulin; DAMP, damage-associated molecular pattern; DC, dendritic cell; HMGB1, high-mobility group box protein 1; HSP, heat shock protein; ICD, immunogenic cell death; MHCI, major histocompatibility complex class I; MICA, MHC class I chain related gene A; NK cells, natural killer cells; OV, oncolytic virus; Th, T-helper cell.

###### 

Strategies to improve OVT clinical efficacy

  ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Virus backbone alterations                                                                            Combinatorial therapy                            Multimodal activity
  ----------------------------------------------------------------------------------------------------- ------------------------------------------------ ---------------------------------------------------------------------------------------------------------------------------------------
  Deletion of virulence genes\                                                                          Immune-activating therapy\                       Kills tumor cells through all death pathways (virus replication, PCD, autophagic cell death)
  Deletion of immunomodulatory genes                                                                    Adoptive T-cell therapy (viz, TCR, CAR T-cell)   

  Arming with inflammatory or immunosupression-blocking genes or antiangiogenic or proapoptotic genes   Immunosuppression inhibition\                    Induces proinflammatory responses Inhibits immunosuppressive tumor microenvironment and induces activators of NK/T-cell cytotoxicity\
                                                                                                        Blockade of immune checkpoint inhibitors\        Blocks immune checkpoint regulators
                                                                                                        Chemotherapeutic drugs to delete\                
                                                                                                        Tregs/MDSCs or inhibit innate immunity           
  ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

**Notes:** Clinical efficacy can be increased by virus backbone alterations (first column), combinatorial therapy designed to activate the immune response and/or block the immunosuppressive tumor microenvironment (second column), or by the development of OVs with multimodal activity (last column). Instead of using strategies that alter the virus backbone, some studies have used drugs or distinct immunomodulatory methods in combinatorial therapy. OVs with multimodal activities that include cell lysis through virus replication, the induction of multiple PCD pathways, and immunomodulation are particularly desirable.

**Abbreviations:** CAR, chimeric antigen receptors; MDSC, myeloid suppressor cell; NK, natural killer; OV, oncolytic virus; OVT, oncolytic virotherapy; PCD, programmed cell death; TCR, T-cell receptor; Treg, regulatory T-cell.
